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Introduction
A great effort has been dedicated to the development of green technologies for producing renewable biofuels. Conversion of organic matter into biogas through anaerobic digestion (AD) has been intensely investigated since, unlike bioethanol or biodiesel, it holds the possibility to convert a broad variety of organic substrate to biogas (Naik et al., 2010) . However, deeper understanding is required to address several challenges that can affect performance and stability of the conversion process when using new feedstocks. Microalgae, for example, seem to be a promising candidate for AD since they guarantee sustainable flow of feedstock without compromising world food supplies (Maity et al., 2014) . Thus, microalgae are classified as 3 rd generation biogas feedstocks (Allen et al., 2016). Nevertheless, microalgae exhibit a typical low C/N ratio due to their high protein content (Yen and Brune, 2007; Mahdy et al., 2015a) .
During metabolism of nitrogenous organic matter (mostly proteins in the case of microalgae), total ammonia (ammonium ion + free ammonia) is released. Low levels of total ammonia are important for the proper growth of the anaerobic flora and for the establishment of sufficient pH buffer capacity in the AD process (Kayhanian, 1999) .
However, higher ammonia levels might inhibit the AD process (Rajagopal et al., 2013) .
There is controversial information in the literature about the toxicity threshold of ammonia for the AD process. This could be attributed that many factors, such as digestion conditions (e.g. pH, temperature), nature and origin of substrates and inocula are influencing the toxicity of ammonia. As a consequence of that, toxic ammonia threshold ranges from 1.7 up to 14 g NH 4 + -N L -1 have been reported (Chen et al., 2008) .
Additionally, free ammonia (i.e. the most toxic form of ammonia for the AD process), increases its concentration alongside with pH and temperature and that adds to the 4 complexity of ammonia toxicity (Rajagopal et al., 2013) . Today, it is broadly accepted that total ammonia and free ammonia concentrations over 3 g NH 4 + -N L -1 or 0.15 g NH 3 -N L -1 , respectively are toxic for methanogenesis independently of temperature and pH levels (Chen et al., 2008) .
Several methods to counteract ammonia inhibition in AD process have been proposed in literature. In this line, dilution of feeding streams (Webb and Hawkes, 1985) , air stripping (Wu et al., 2016) , bioaugmentation (Fotidis et al., 2014b) , codigestion (Yen and Brune, 2007) , ammonia binding ions (Fotidis et al., 2014a) and struvite precipitation (Nelson et al., 2003) have been studied. Even though, some of them have been proven successful, they are still cost-expensive and/or pose technical challenges for full-scale implementation. Moreover, most of these methods have been conducted in 1 st and 2 nd generation biogas production with conventional substrates while microalgae as a feedstock, still deserves further investigation.
A potential strategy to circumvent the challenges that the aforementioned methods pose is to use anaerobic inocula already acclimatized to high ammonia concentrations and/or increase the C/N ratio of the substrate by mixing microalgae with another substrate (co-digestion) (Herrmann et al., 2016) . Most of the researches performed nowadays about the AD of microalgae, use inocula (i.e. wastewater treatment plant sludge and cattle manure based inocula) that have low ammonia tolerance (Santos-Ballardo et al., 2016). These anaerobic inocula originate from processes, in which ammonia levels were typically lower than 2 g NH 4 + -N L -1 (Serrano et al., 2016) and thus, the methanogenic microbial populations cannot cope with the high protein loads of the microalgae substrate. For example, Mahdy et al. (2015b) evaluated the performance of anaerobic sludge in a continuous stirred tank reactor (CSTR) fed with protein-rich 5 microalgae. Their results showed decrease on methane yield concomitantly with accumulation of VFA concentration, indicating inhibition due to ammonia toxicity (> 2.9 g NH + 4 -N L -1 ). These results raise questions about the suitability of protein-rich microalgae as potential feedstock for 3 rd generation biogas production.
Therefore, the overall aim of the present study was to investigate if an ammoniaacclimatized inoculum could efficiently digest protein-rich microalgae for continuous 3 rd generation biogas production. A secondary aim was to assess if the acclimatized inoculum combined with the improvement of the C/N ratio of the microalgae with the addition of a co-substrate with typical ammonia content (i.e. cattle manure) could alleviate further the ammonia toxicity effect. In order to achieve these aims, two different experiments were conducted. In the first experiment, the biochemical methane potential (BMP) of the microalgae, the cattle manure and their different co-digestion mixtures were assessed and thus, the best co-digestion mixture was identified. In the second experiment, an ammonia-acclimatized inoculum was used in CSTR reactors fed only with microalgae (mono-digestion, 3 rd generation biogas production) or with the best mixture of microalgae and cattle manure (co-digestion, 2 nd generation biogas production). 
Material and methods

Inocula
Substrates
Microalgae
Chlorella vulgaris was used as the protein-rich microalgae model. This biomass was grown in mineral salt (MBBM-2N) medium (Mendez et al., 2013) . C. vulgaris was cultured in a raceway, with a working volume of 150 L, with continuous illumination at 25ºC. In order to provide light homogenously and avoid concentration gradients, culture mixing was conducted using paddle wheels. Microalgae biomass was harvested twice a
week with a centrifuge (Westfalia Separator, Model OTC3-02-137, Germany). Once harvested, microalgae biomass was pretreated according to Mahdy et al. (2015b) .
Specifically, a protease (Alcalase 2.5, Novozymes, Denmark) was used (2.5 mL Alcalase g -1 algae DW) as biological catalyst to hydrolyse C. vulgaris prior to the AD.
Subsequently, the hydrolytic broth was upconcentrated to 60-70 g microalgae biomass L -1 (total solids) prior to enzymatic hydrolysis and the pH was adjusted to 8 throughout the pretreatment. The hydrolysates were heated to 75°C for 30 minutes to deactivate the enzymes after three hours of pretreatment. After the volatile solids (VS) were adjusted with the addition of deionized water (Table 1) , pretreated microalgae were stored in the freezer until use.
Manure
The raw cattle manure used in the experiment was obtained from Hashøj biogas plant, Denmark. The manure was sieved (5 mm), to separate large particles, to avoid clogging of the tubes, mixed and stored at -21ºC. The frozen manure was thawed at 4°C 7 for 1-2 days before use. The basic characteristics of cattle manure are also presented in Table 1 .
BMP assays experimental setup
All the BMP experiments were performed in glass serum bottles with 60 and 320 mL working and total volume, respectively and substrate/inoculum (S/I) ratio of 20/80 (on VS basis) (Angelidaki et al., 2009). As shown in Table 2 , two mono-substrates (microalgae and manure) and five different co-substrate mixtures (microalgae/manure on VS basis) were tested to determine their BMP. Two different organic loads were assessed in all BMP experiments to avoid any possible organic overloading or other potential inhibition, which might result in underestimation of the methane potential.
Additionally, blank reactors (only inoculum and water) were used to quantify the background methane production of the inoculum and control reactors (with Avicel® PH-101, Sigma Aldrich as added carbon source) were used to verify the optimum methanogenic activity of the inoculum. In these terms, the BMP value of the control substrate was measured close to the theoretical (414 NmL CH 4 g -1 VS), which supports the accuracy of the BMP assay procedure (Holliger et al., 2016) . After inoculation, all BMP reactors were flushed with N 2 :CO 2 (80:20% v/v), sealed with butyl rubber stoppers and inoculated under thermophilic conditions (55±1°C). All experiments were performed in triplicates, run for at least one month, and the methane production presented for each reactor was normalized (in NmL) to the standard temperature and pressure (i.e. 273.15 K and 1013.25 hPa) conditions.
CSTR experimental setup
The continuous experiments were performed in four identical glass lab-scale CSTR reactors operated at mesophilic temperature (37±1°C). The reactors had 2.3 and 1.8 L total and working volume, respectively. Each reactor consisted of a peristaltic pump, a heating jacket, a feeding vessel, an effluent bottle, two magnetic stirrers for the homogenization of substrate and mixing of the reactor and a water-displacement gas meter. The experiment consisted of two phases, differentiated by the substrate, organic loading rate (OLR) and ammonia levels in the feedstock (Table 3) . During Phase-I all reactors were fed only with cattle manure while during Phase-II reactors R 1 and R 2 were fed only with the microalgae (mono-digestion) and reactors R 3 and R 4 with the microalgae and manure mixture (co-digestion). The hydraulic retention time (HRT) was 23 days for all reactors and the feeding was performed twice per day by controlled pump. Taking into account that the ammonia concentration in the CSTR reactors was changing throughout the experiment, the exact total ammonia levels in the CSTR reactors are presented in Fig. S1 (Supplementary Material). 
Analytical methods
Calculations and statistical analyses
All statistical analyses were made using the Graphpad PRISM program (Graphpad The maximum expected methane productions of the CSTR reactors were calculated based on the BMP values of the mono-substrates and compared with the obtained methane production. Methane production yield and rate at the different steady states of the CSTR reactors was calculated as the average methane production during steady state period. Ten successive operation days, with less than 10% variation in methane yield/rate, VFA and pH was defined as steady state (Hansen et al., 1998) . All values presented are the means of independent triplicates (n=3) ±SD.
Results and discussion
BMP of mono-and co-substrates
The BMP value of microalgae was 415 NmL CH 4 g -1 VS (Fig. 1a ). This methane yield is similar to values previously reported by Mahdy This could be attributed to the quality of the specific manure and to the fact that the largest fibers, which are also the most recalcitrant, were sieved away to avoid clogging of the tubes. Regardless the substrate type, the results showed similarity in methane yields between organic loads tested, indicating the absence of negative effect due to overloading or content of inhibitors. The final accumulated methane production for microalgae and cattle manure determined by BMP assays can be seen in Fig. S2 (Supplementary Material).
Among all mixtures tested in BMP assay (Fig. 1b) , the co-digestion mixtures with the statistically highest (p˂0.05) BMP values (>420 NmL CH 4 g -1 VS) were microalgae/manure: 80/20 (OL: 2.33 VS g L -1 ) and 60/40 (OL: 2.33 and 4.66 VS g L -1 ).
In contrast, the mixtures that had statistically the lowest and, at the same time, similar, BMP values (<325 NmL CH 4 g -1 VS) were 20/80 (OL: 2.33 and 4.66 VS g L -1 ) and 40/60 OL (OL: 4.66 VS g L -1 ). These results indicated that co-digestion mixtures, which had higher proportion of microalgae (especially those with higher than 60% in VS basis), exhibited higher methane yields compared to co-digestion mixtures with higher proportion of cattle manure. This trend could be attributed to the higher biodegradability displayed by microalgae biomass compared to manure (Fig. 1a) . (Fig. 1c ). On the contrary, negative or negligible co-digestion effects were observed for all the other mixtures. These results imply that, although cattle manure has lower nitrogen content than microalgae, the C/N ratio of the mixture seems to be still low and hence, the co-digestion process supported only a slightly synergistic effect (8-15% 
Continuous mono-and co-digestion
Performance of CSTR experiments
Phase-I of CSTR reactors operation was used as the baseline for the determination of any changes in the methane production performance of the reactors during Phase-II.
Thus, during Phase-I all four reactors were at steady state with average methane yield of 211±6 NmL CH 4 g VS -1 (Fig. 2) . This was an expected methane production for continuous AD of cattle manure, derived from the same source as has been reported before (Fotidis et al., 2014b) .
From day 43 (phase II), microalgae was fed in CSTRs reactors and the methane yield of all reactors remained stable for approximately ten days before it started to increase rapidly (day 54). During this period, the relative methane production, calculated from BMP values of the two mono-substrates, was only 47% of the maximum expected one, based on the BMP values. In comparison, the relative methane production in Phase-I (under steady state, days 15-43) was approximately 65% of the maximum expected based on the BMP tests.
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The most possible reason for the observed lag phase with suboptimal methane production was due to change of feedstock (Table 1) The methane production of the reactors was gradually decreased after day 56 until a new steady state (days 67-92) was established, with 81.5% and 77% of the maximum expected yield for co-and mono-digestion reactors, respectively. Both reactors showed remarkable ability to digest the two substrates. Nevertheless, co-digestion reactors had statistically higher relative methane production than mono-digestion reactors, indicating a small but positive synergistic effect of co-digestion process. The lower ammonia concentration in co-digestion reactors compared with that in mono-digestion reactors Fig. S1 , due to lower nitrogen content of cattle manure compared to microalgae) could explain the better performance of co-digestion reactors. In general, even though it was proposed that ammonia levels above 3 g NH 4 + -N L -1 have a toxic effect on the AD process (Parkin and Owen, 1986 ), all reactors were operating at steady state, with high relative methane yields (days 65 to 90 days). These results are supported by Nakakubo et al. (2008) , who showed that exposure to high nitrogen levels increases methanogens resistant to high ammonia levels.
VFA accumulation and pH fluctuation
The total VFA concentrations in all the CSTR reactors during the steady state of Phase-I, were below 1 g HAc L -1 indicating an efficient AD process (Fig. 3) .
Specifically, it has been established before that 1.5 g HAc L -1 is the threshold for a healthy AD process in manure-based CSTR reactors (Boe et al., 2010). However, immediately after the addition of microalgae in the feedstocks, VFA were accumulated in all four reactors up to 4.3 g HAc L -1 . This accumulation was concomitant with a reduced methane productivity after adding microalgae (42-52 days, Fig S3 and Fig 3) .
As it was explained, this was an ephemeral symptom and is most probably attributed to time that the microorganisms needed to adapt to the new feedstocks. Once anaerobic microorganisms have adapted to the new conditions, the VFAs decreased to even lower levels than those obtained during Phase-I, with an average of 0.65 g HAc L -1 . The low VFA concentrations during the new steady state (days 70-90) implied good process stability.
In exception of days between 43-50, where pH was between 7.7 and 8.0 due to VFA accumulation, the pH for all reactors remained between 8 and 8.3 throughout the experiment (Fig. 3) . Nevertheless, pH levels remained inside the permissible range for continuous AD process which is between 6.5 and 8.4 (Yi et al., 2014) .
Acclimatized versus non-acclimatized inocula
Ammonia inhibition was observed previously when using un-acclimatized inocula to digest enzymatically pretreated protein-rich microalgae in CSTR reactors (Mahdy et 15 al., 2015) . Specifically, a reduction of methane production rate was reported at ammonia concentration of just 1.9 g NH 4 + -N L -1 (Mahdy et al., 2015b) , which led to process failure. In an attempt to solve the ammonia inhibition problem, the same researchers reduced the protein content of their feedstock by cultivating the microalgae under nutrient limitation conditions, and thus carbohydrates were accumulated (Mahdy et al., 2016) . However, CSTR reactors fed with enzymatically pretreated carbohydrate-rich microalgae at only 0.86 g NH 4 + -N L -1 , achieved maximum 58% of the relative methane production compared to the maximum expected production. This means that ammonia tolerant inocula used in the current study were 33% more effective in utilizing the methanogenic potential of microalgae biomass, compared to the reactors operating with non-acclimatized inocula and fed with protein poor biomass. Therefore, operating reactors with ammonia tolerant inocula seems to be a promising approach to achieve efficient digestion of protein-rich microalgae and paves the way for further research on 3 rd generation biogas production.
Conclusions
In previous studies protein-rich microalgae led to ammonia inhibition when used as anaerobic substrates. In this study was shown that, protein-rich microalgae biomass is an easily degradable substrate with high methane potential. Additionally, it was proven that operating CSTR reactors with ammonia tolerant inocula could efficiently digest protein-rich microalgae. This approach provided stable digester performance and high methane yields at high ammonia concentrations (up to 4.2 g NH 4 + -N L -1 ). Moreover, further improvement could arise when microalgae was co-digested with high C/N ration substrates. Therefore, using ammonia tolerant inocula is a promising solution and an easily applicable approach to digest commercially protein-rich microalgae. 
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